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ABSTRACT

This study was undertaken by the Research Directorate, Weapons
Laboratory at Rock Island, to develop a digital computer program by
which the two-dimensional temperature profile in gun tubes can be com-
puted under realistic physical conditions. A mathematical model was
presented in which variable geometry, temperature-dependent thermal
properties, and variable conditions at the boundaries are considered.
A numerical algorithm, in which the method of explicit finite-differ-
ences is used, was developed for the mathematical model and was pro-
grammed for the digital computer. A numerical example was computed to
check the computer program. The program and all subroutines functioned
properly. No numerical instability nor convergence problems were en-
countered.
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INTRODUCTION

Small caliber automatic weapons are subjected to extremely high
operating pressures and temperatures. Energy from the hot propellant
gas is absorbed by the gun tube at a much faster rate than it is dissi-
pated to the surroundings. Temperature rises occur quite rapidly, and
result in erosion or loss of strength of the gun tube material. High
pressures may cause the tube to become ruptured when the temperatures
are increased sufficiently. The important point is, therefore, that
gun tube designers be able to predict the temperature distribution of a
particular gun tube design. The purpose of the present work is to de-
velop a digital computer program by which gun tube temperatures can be
computed for physically realistic conditions. These physical conditions
involve variable axial geometry, temperature-dependent thermal proper-
ties, variable firing schedules, and variable thermal boundary condi-
tions at both the bore and exterior surfaces. Results obtained from
the computer analyses may be used to determine areas of excessive tem-
perature rise, to estimate maximum burst time, to provide information
necessary for thermal stress analyses, and to indicate necessary
changes for improved thermal performance.



HATHEMATICAL MODEL

In this section, the physical mechanisms of heat transfer from the
propellant gas to the gun tube are described and a mathematical formula-
tion is given for the temperature distribution in the tube. An illus-
tration of the gun tube is shown in Figure 1.

Tie gun tube material is considered to be isotropic, but the ther-
mal properties, o(T), C(T), and K(T), are known functions of temperature.
The assumption is that angular temperature variations are small, com-
pared with radial and axial temperature variations. Thus, only a two- .
dimensional temperature field must be considered. Heat flows from the
not propellant gas, whose temperature is represented by Tg(r,z,t), to
the tube, whose temperature is denoted by T(r,z,t). The assumption in
this analysis is that the heat flux from the gas to the bore surface is
specified or that the propellant gas temperature is a known function of
time and position, and that a heat transfer coefficient, h;(R;,z,t,T)
exists which is also a known function. And finally, the assumption is
that continuous variations in the outside diameter of the tube may be
adequately approximated by a finite number of step changes in the exte-
rior diameter. The actual diameter as being approximated by three step
changes is shown in Figure 1. The number of step changes may be qreatgr

or less than three, dependent upon the situation. Close approximation
of any taper of the outside diameter by use of a greater number of step
changes is possible. The analysis will be illustrated with the use of

three step changes. However, the computer program was written so that
any desired number of step changes in the external diameter could he
handled.

The governing partial differential equation for. the gun tube is
given by

al . _K(M) 227 , 19T, 3271
3t p(T)C rZ  r or
+ mer or LED? + (3D m

Equation 1 is nonlinear due to the presence of temperature-dependent
properties. The boundary conditions for the tube illustrated in Fiqure
1 are '

r=R, 0525 I

K(T) 2L (Ry5Z,t) = q"(Ry,Z,t) (2)
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r= Rq, 0s7s Zl
K(T) ” = (Ry»Z,t) = h(T)[T(R,,Z,t) - To]

+ e(T)o[T4(Ry,Z,t) - Tob]

K(T) 3 (Ry,Z,t) = NT)[T(R;\Z,t) - To]

+€(T)U[T“(R3,Z,t) = TO“]

r = Rz, Zz 27s 23
-Ku)”(%Jt)-mnnmpzu-rd

+e(T)o[T*(Rp,Z,t) - To]

0 <R« Rk’ Z=0

- K(T) 2 (r,0,8) = q"(r,0,t)

R3 Sps Rq, Z-= Zl

= K(T) (r Zl:t) =0
Rz Sps R3, 7= 22
aT
- K(T) 57 (n2p,t) = 0

Rl ir S R2. l= Z3

h(T)[T(r,Z5,t) - To]

(T) T (r Z3,t)

+€(T)0[T“(F,Z3,t) i To“]

(3)

(4)

(5)

(6)

{7)



The initial conditions are

T(r,2,0) = Ti (r.2) (10)

The heat flux given in Equation 2 may be a specified function, or
may be expressed in terms of a heat transfer coefficient and the ‘oca!l
difference between the bore surface temperature and the bore center
line gas temperature. In the latter case, the boundary condition 1s
given by

q"(Rl bzlt) = h(Rl.ztt)[Tg(obzit) - T(R‘ Ozlt)] (H)

The heat flux given in Equation 6 must also be specified. This surface
may lose energy to the surroundings, or exchange heat with some other
section of the weapon. Boundary conditions for this surface must be
specified on an individual basis.

The temperature-dependent thermal properties given in all the aov-
erning equations must be evaluated at the temperature of the point at
which the equations are being evaluated. The heat fluxes at the bound-
ary locations at which step changes have been used to approxinate ¢on-
tinuous variations in external diameter are assumed to oe 1n the rad'al
direction only. This i3 indicated in Equations 7 and 8. The rad'ation
form factor for all other external surfaces has been taken as un'ty

The set of equations given above cannot be solved ana'yt ca''y, 50
numerical techniques must be employed. The method of explicrt finite
differences was chosen to soive the equations. The detarls ot the nu-
merical algorithm are given in the following section



NUMERICAL ALGORITHM

To determine the temperature distribution in the gun tube, the
tube is first subdivided into a finite number of discrete lumps. The
subdivision of the gun tube is illustrated in Figure 2. The tube has
been divided into three sections in both the axial and the radial di-
rections. The number of nodes in the first radial section is i;, in-
cluding the interface between sections 1 and 2. The second and third
radial sections contain i, and i; nodes, respectively. In the first
axial section, j, nodes are present, including the interface node.
The second and t}\e third axial sections contain j, and j; nodes, re-
spectively. The spatial increments between the nodes are given by

(Rz2-Ry)

S B C7vn ) ) (12)
(R3-Rz)

ar, = _‘_2 (]3)
(R.-R;)

Ary s '—T;—- (]4)

Z

Ly = oy (15)
(2;-2,)

al; = = (16)
(23'22)

A Th \7)

The nodal point locations are

rnlnlfﬁ—:%‘-y(lz'al).lsn:il \18)

(0'11)

fn® Rz’—rz—-(arﬂz)o LINESL TN PR P! (19)
(n-1,-1;)

rn - R3 + —T;_(R;.'Rg). 1]"2 «n s i‘*‘z"g (ZC)
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(m-3,) . | :
e R By m i ’ L (22)

(m-d1-d2) LSO o
Zy = Lot —— (Z3-22)s 5rtdp < m 2 Jitigtis " (23)

\

The temperature of each lump 1s assumed to be uniform and equal to
the temperature of its center or nodal point. The spatial derivatives
appearing in the governing equations are approximated by finite differ-
ence relations, which have been determined from the simultaneous solu-
tions of truncated Taylor series expansions. :Equation 1, written in
discrete difference notation, is c

K 2 ‘ ' ! \1
= ___.._—'n’m .u + ._l £
(a 5t S i [Gr )n,m! r (”)n,m] . |
——c—’m [(3,, om ( ) ] L | '(%4)

1

Subscript n denotes the radial node location and subscript m denotes
the axial node locations. The subscripts of the property values dengte
that they are evaluated at the temperature of ncde r,m.

n,m K (Tn,m) . . : G x (26)

The boundary conditions must also be written 1n d1fference form. Ffor
example, Equation 2 is written as i
i | 1
& |
1 sm tap’: m o 1,m : ‘ . , ‘ ¢ (26)

The spatial derivatives in Equations 24 and 26 are approx1mated by
finite difference relations. A set of explicit algebraic equations' re-

sult for the time rate of temperature change at each node. These rates

of change are multiplied by a finite time increment to find the temper-
ature at one increment of time later. The procedure is repeated until

the final time period of interest has been reached. The finite differ-
ence expressions used to approximate the spatial derivatives are shown

in Tables I and II. The particular der1vat1ves shown are for the

e R TR ER | AR €3}
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radial direction. The' expressions: for the axial direction are of the
same form, whére the spatial increment is aZ, the subscript n is f1xed
and the subscript m is a variable. The appropriate expression ta' use
depends on the node of interest. For interior nodes, Number 2 n Table
I and Number 3 in Table II are used. At the bore surface, Number | ot
Table II is used for the second derivative; the first deri.ative 15 de-
termined from' the boundary condition. The correct expressions for the
external boundary nodes are those of the:heat flux houndary cond:tion.
and Number 4 of Table II. The derivatives for the nodes adjacent o the
boundaries are given by Numbers 2 and 3 of Table I and Number 2 ot Table
I1I. At the interface nodes, by which sections are separated i1n whi.h.
the increments between nodes may become changed in size, the corre.t ex-
pressions are Numbers 4 and 5 of Table I and Tab}e I't, respectively

The maximum time increment, by which nhmer1cal stabr ity 15 ens. ed
for the linear diffusion equation with this algorithm, 1s g'wven by d

' 1

t
t

£ » i it - wan

at Cc le . 1 . ? (2]
i . \ ; |

where aX is the distance between nodalipoints and w !s

i | '
wegoeq X : . = 2

The present set of equations are nonlinear and the maximum ailowab'e ¢ e
interval would be expected to be less than that given by Equation 27
gl , ! ,

~ The sufficient condition for numerical stab:!ity and con-ergen.e 15
that both the first and the second laws of thermodynamics be patr-tred
The satisfaction of the first law was verified by the perfurimance 2t ar’

energy balance on the tubé after each time i1nterval. No attempt wes ngde

to check the satisfaction of the second law. The beliet was that the
satisfactiop of the first law provided an adequate check or numes ' .al

- stability and convergence. ;

The explicit tinite dlfference algorithm, descvlbed in th s sect on,
was programmed for the digital computer The computer program 'S ge-
scvibed in the following sectign, and a program isting is yrven inp
Appendix A
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DESCRIPTION OF COMPUTER PROGRAM

A digital computer program was written for the evaluation of the
numerical algorithm described in the previous section. The computer
program comprises a main program and eight subroutines. The main pro-
gram contains the input, the output, the logic operations, and the
computation operations for temperature changes. Detailed calculations
are performed in the subroutines. The name and the purpose of each
subroutine is given below:

1. CONV - Provides external convection coefficients and
emissivities.

2. QZsuB - Contains operations to compute the axial heat
fluxes at the external surfaces due to both
radiation and convection.

3. QRSUB - Contains the operations necessary to compute the
radial heat fluxes at the surfaces due to both
radiation and convection,

4, AXIDER - Specifies the operations for the computation of
the spatial derivatives in the axial direction.

5. RADDER - Provides computations for the spatial derivatives
in the radial direction.

6. DKDT - Gives derivative of thermal conductivity with
respect to time.

7. XKKS - Gives the calculation of thermal conductivity as
a function of temperature.

8. LINEAR

Gives specific heat as a function of temperature.

tatements whose required input data are listed below:

\\%H\ The input to the digital computer program consists of seven READ

v 1o M - number of radial segments
\\ N - number of axial segments
. SIGMA - radiation coefficient
TS - ambient temperature
TTIME - termination time
P - iteration number at which printout is desired
2. JN(I) - number of radial nodes in each segment
3. LLS(f}\ - number of axial nodes in each segment

12



4, RS(J) - radial boundaries of each segment
5. ZS(I) - axial boundaries of each segment
6. KRA(I) - number of radial segments in each axial segment

7. X(I), Y(I)

temperature versus specific heat data

Thermal property data in the subroutines are for SAE 4130 steel.
If a different barrel material is to be analyzed, the functional rela-
tionships in these subroutines must be changed. The emissivities and
external convection coefficients in the present subroutines are con-
stant. If these values are not constant for any case being investi-
gated, the proper functional relations must be added to the subroutines.

The output from the program consists of the time and the tempera-
ture at each node for those iterations for which printout is desired.
A complete listing of the digital computer program, along with typical
input and output data, is given in Appendix A.

13



NUMERICAL EXAMPLE

A numerical example was computed to check the digital computer
program. The sole purpose of computing the numerical example was to
ensure that the program and the subroutines were functioning properly.
No specific weapon was considered. With reference to Figure 1; the
geometric dimensions used in the example were

R; = 0.625 inch (29)
R, = 0.845 inch (30)
R; = 0.940 inch (31)
R, = 1.088 inci (32)
Z, = 3.16 inch (33)
Z, = 12.5 inch (34)
Z3 = 42.0 inch (35)

Thermal property data for SAE 4130 steel were obtained from Figure
2.013, of Aerospace Structural Metals Handbook.2 The data were adjusted
to the curves, which are given below.

_ BTU S
K = (28.3 - 0.0087T) T T T £ 1420°F {36)
and
_ BTU °
K = (10.39 + 0.00347T) hr P T > 1420°F (37)

The density variations for SAE 4130 steel are small, and the fol-
Towing mean value of density was used.

p = 490 1b/ft3 (38)

14



Tabular data for specific heat were used in conjuncZion with a
linear interpolation subroutine. The specific heat data from Figure
2.015 of Aerospace Structural Metals Handbook? are given below:

T,°F  C, BTU/Ib °F

0 0.108
200 0.112
400 0.125
600 0.132
800 0.150

1000 0.160
1200 0.185
1600 0.180
2000 0.180
2200 0.150

The temperature of the surroundings was constant and equal to
70°F. A constant convection coefficient of 5 BTU/hr ft °F and a con-
stant emissivity of 0.5 were prescribed at the external boundaries. An
effective mean propellant gas temperature of 2000°F and an effective
mean heat transfer coefficient at the bore surface of 200 BTU/hr ft ~F
were used in the calculations.

The computer program was run, with the use of the data given above,
for a continuous firing burst of 12.5 seconds. A1l portions of the main
program and its subroutines functioned properly. No numerical insta-
bility nor convergence problems were encountered. The temperatures at
all nodes were printed at time intervals of approximately one second.
The computed bore surface temperatures, as functions of time and posi-
tion, are shown graphically in Figure 3. The bore surface temperature
rises more rapidly at locations in which the barrel wall 1s thinnest,
as would be expected. The effects of axial temperature gradients arc
minor, except where an abrupt change occurs in the external diametcr,
This indicates that, for this specific example, a less complicated and
less expensive one-dimensional numerical program could be used over
most of the axial length without the introduction of any major errors.
The two-dimensional program could still be used in regions where a step
change exists in diameter.

A summary of this investigation is given in the following section.

15
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o

SUMMARY | - !

A mathematical model to determine the two-dimensional temperature
profile in a gun tube, under realistic physical conditions, is pre-
Isentedx. Va)r'lab'le geometry, temperature.dependent thermal properties,
and variable conditions at the boundaries were considered in the mathe-
matical model. A numerical algorithm was developed for the mathematical
model by use of the method of explicit-finite differences. The numerical
algorithm was programmed for evaluation by the digitdl computer. A
jnumerical example was computed to check the computer program. The pro-
gram and all its subroutines fqnctioned properly. No numerical insta-
bility nor convergence problems were encountered.

| i B I
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A 0IGITAL CONPUTER PROGAAN TO DETERRINE TWO-DIMENSIONAL TERP-
ERATURE PROFILE IN GUN TUBES BY TwE RETHMOD OF ExPLICIETY
FINITE OIFFERENCES.

DINENS ION T140430), CRE40.30), Q2140,30). DRIS), DLIS), WGIAO),
L TGIa0)s R140), CPI40), RMOI40), ENISIA0), XNCI40), XMRISO),

2 0011500, DTR140,30), OTR2140,300, DTI(40,30), DTE2160,30),

3 JISUtB). LLSIB), RSLO), 2506), RJSLO), KLOLO), JILEG), ERALO),

¢ K(20)e YI20)

201

202

204

20%

206

COMRON /BLELZISUNIB), N, NEONT, NP, I3UN, LLL, N, SIGMA, TS
READ 1, My, Mo SIGRMA, TS, TTINE, WP, MR
PRINT 2001, Ny, N, SIGRA, TS, TTIRE, NP
CORMAT (AN N o, 15, X, 4N N =, 13, 3K, 0N S1CRA =, E1%.06, 91,
L S IS o E12.9, SRe 60 TIINE oy E12.%5¢ 3K 3N WP o, [0)
NP - UMICKH JTERATION DESINE DERIVATIVE PRINTS.
NR - RODULUS %R INDICATES WHMICKH (TERATIONS TERP PAINT OUTS ARE DESIRED.
READ 21,009811), 1 o |, N}
PRINT 2020 10088000 1 » N}
FORMAT (&N JJS287019))
READ 21, (LLS12De 4 = |y W)
PRINT 203¢ (LLSEJ)e J =)o)
FORMAT 140 LLS/Z17019))
WL s h o)
READ 2, ( RSUJ)e J = |, WP1)
PRINT 204, (ASUJ)e J ® 1,00}
FORRAT (3N RS/ (TPELS.TY)
ALL SEGMENTS & SEGRENTS OUT RADIALLY RUST nAVE SANE AADIAL OINENSION.
READ 24 ¢ 23(10e 1 o |, W)
PRINT 20% (13000 1 = QoW
FORNAT (&M 23/ (€18, 1)
ALL SEGMENTS < SEGCMENTS OUT ARIALLY NIFET NAVE SARE ARIAL DIRENSION.
READ 21.(RRAIL)y 0 o |, W)
PRINT 206, (RRAIL), | = },N)
FOANAT (40 KRAZ (7319))
READ 2, ¢ RUl)e Yilde B = 10l0)
FORMAT(2110, E19.9¢ 2P10.0,2110)
FORNAT (0F10.0)
s0AnATI0110)

PRINT 330,8AAI1), RRALZ), UARAL))
FORMAT (90 RAALL) o 14108, 9M RRAI2) o, (45108, M KRALI) =, (&)

RINT o % o M o |
N AuST O LESS Than OR EQUAL TO N

MUST MAVE N URBER OF JSumil)°S.

KRALLD 1S NUNBER OF RADIAL SECTIONS PER EACK AXEAL SECTION.
00 3 ko)l

20



[a]

OO0

KRAD = KRA(K)
JSunin) = 0
00 3 J = 1KRAD

3 JSURIK) = JJSEJ) o JsSUMIK)

PRINT 332,JSURLL), JSUNI2), JSUM()D)

332 FORRAT{LION JSURIL) =, 14, 10K, 108 JSUNID) wolao10Ke10H JSUNID) =,o84)

L}

-

I1Sun = o
0041 =1y N
ISUN = JSUM ¢ LLSIT)
1SUN REPRESENTS THE TOTAL NUMBER OF ARIAL NOOES
JJS= NUNGER OF RADIAL NODES IN THE RESPECTIVE SEGRENTS.
LLS= NUNBER OF AXIAL NOOES IN THE RESPECTIVE SEGRENTS.
N = NURBER OF AXIAL SEGMENTS,
N - MAK(INUN NUNMBER OF RADIAL SEGMENTS.
Tiled) ~ TEMPERATURES.
DRI1) = RADIAL [INCRENENTY CHANGE (DRIL) € DRE2) <€ DRIY) )
O211) = AXIAL INCREMENT CHANGE (START WITM DI(L) = D212) = OI13) )
TRIAL AND ERROR FOR CORRECT VALUES FOR D211)°S.
RS(J) <~ OBOUNDARY RADIL FRON BORE 0 OUTSIODE.
1500) = - AXIAL GOUNDARIES.
1S - ARBIENT TENPERATURE.
HGIIT) - WMERE KT IS TEWP SUBSCAIPY AND MG 1S THE CONVECTION COCFFICIEN
T OF THE GAS CONPUTED AS A FUNCTION OF TEMP,
" - TMERNAL CONDUCTIVITY A% A FUNCTION OF TENP,
CPEIT) = SPECIFIC MEAT AS A FUNCTION OF TENP,
RMOIIT) - OENSITY AS A FUNCTION OF TEND,
EMISUIT) - ENISSIVITY AS A FUNCTION OF TERD,
KHCUIT) - CONVECTION COEFFICIENT AS A FPUNCTION OF TENP,
AMRLIT) - RADIAVION AS A PUNCTION OF TENP.
TTINE 1S VINE OF TERNINATION :

THE FOLLOWING CONPUTES THE AXIAL AND RADIAL CHANGES (ODELTAS)
00 6 J = 1o 0
RISEI) = JISLN
007 1s l. ]
LS & LLSHN)D
O211) = ISU1) /7 (XLSUL) = 1.0)
DO O Is 2o N
O2i1) = (2SUEDY = 2S40=-1)D7 MLSULID
NEXT COMPUTE THE RAODII
ORIL) = (ASI2) = RSELID 7 (XISEL) = 1,00
/(1) = RS
JAK s 2
Jid = 0
00 11 JKs |, W
1FIJK .EQ. 12 GO 1O ©
DRIJK) o (RSIINeL) - ASIIKI) 7 RISIIN)
JAK = JRK o JiSEIR-})
JdJ ® JJJ ¢ JISLIR)
00 10 J = JRK, JIJ
RiJ) s RiJ=1) o DRUINS
PRV |
RIJ) = RSIIR o )}
CONT INVE
R(J) = RSiMe})
TINE = 0.0
MRONT » )
TSAD = TS o 460.0
w0 0

21



JENELD = JuStL) o !
MMl = N~} .
00 16 § = 2,mn)
16 J1110) = JILEI=1) & JISEJ)
IX s N = LLSIM) . ,
Ik = | ,
NN = LLS(1) .
DO 18 11 = IyM . ,
JSU = JsSum(lLl)
00 L7 | = [K,NN
00 17 J = 1, JSV ) : .
17 Tiled) = T8 )
IF(I1 +€Q. N) GO TO 18 . . ' !
Ik = 1K o WLSULEDD i
NN = NN * LLSELICD)
16 CONTINUVE ,
60 CONT INUE

NEXT CONPUTE THE MAXINUN TINE (NTEAVAL. I}
DX = DR(1) (SINCE DRIL) < DRII) OR D2(1} )
0X = OR(Y) ‘

NOW LOCATE MAXINUM XK(IT), AND MINTWUN' n«ln :
XRMAX @ XK(IT)IMAXR
KNMINNe XNLITINTN
XKMAX = 28.3 ' !
XKNIN = 12,0
XMMAX & 240.0 ' !
AHNIN = 207.0 .

OO0 MO0

L1 =4, ¢ 4, ¢ ANMAR / AKN[N & DX

NOWw LOCATE RMOUIT) MININUN, C’ll" LILTE T
RHONIN = RNOIITINTN ‘
CONIN = CPIITININ )
RHONIN = 490.0
CPNIN = .08

o0 o

OT(L) o RNOMIN © CPMIN 7/ KMR  / XKWAXK © DX ® DX '
KNR & &, ¢ &, © KWUIN / XKNAX ® (RS(2) = RSE1)D / CNLS(L) = 1.0}
OT2) = RWONIN © CPRIN / XAR / XKNAK © (R$12)-RS$(L1I®Z / XLS(I) =1.0
1 oe 2 :
00 19 J s 2y W
I o 4o ¢4 @ RHALN / KRNAX ARSIJOLN - ASLIN) 7 BLSEI
19 DT(Jed) = RHOMIN © CPAIN / XWR /7 XRWAX © IR${JoL) = RS(J)) o0 2 /
1 XLStJ) ee 2
XRZ ' & ¢ 6o © KNNIN / EKRAX ® ISU1) / (XJSULD = 1.0 )
DIINOL) o RMONIN © CPNIN / XNZ / EKNAR © RS(1) 00 2 7 RJS(L) oo 2
00 190 | » 2, W X
KMZ » 4, ¢ 6, © XWMIN / ERMAK ® (2S(0) = 28(1=1)) / RJSUDD -
190 OT{1eM) = AWOMIN © CPAIN / KNZ / XKMAR ® (23(1} = 28(1=1)) oo 2
AN FTITHEYY |
NOW MUST DETEANMING SHALLEST DT ANO SAID VALUE WILL BE THE TiINnE |
INCRENENT. 4

o0

oY ¢ 0

20 107 « 1OT Ol
IPY = OT o ]
IB{OY ¢ 10T) .cv. OT(IPTI) GO TO 30 | | : :
OTLIPY) » DYIION)

30 KINT) = KINT = |
IRLIPT €. RINTL) GO TO 20

c KINT WUST 88 READ IN AS (N o W o 1)



i

(o N a XXl

a o6 06 o

c

490
500
$10

802

803

434

L 1)}

502

501
503
505
560

7160

OTH = OT(KINTL) : ! ‘ .
OTH = DTH / 1.5 ’ '
(TIME = TIME ¢ DTH * 3600.0 i
NOW COMPUTE ‘ALL VALUES DEPENDENT ON TEMPERATURE
SUBSCRIPT IT DESIGNATES unlcn TINE INTERVAL
KHC(IoJ) MUST EITHER BE & TABLE READ IN OR A FUNCTION '‘COMPUTAT ION.
i NEXT COMPUTE THE HEAT FLUKES.
Ll = LSty
CALL onsuu«t.on.lsna.Jn.Ltsw _ }
L ] L ] [ N [ J
cALL ozsunltsao.JJs.LLs.t.oz.xaA) '
NDW CHECK RAODLAL' TEMP AGAINST AXIAL TEMP DIFF AND SHOULD OF CLOSE.
ONLY NEED TO CHECK BORE TEMPS AXIALLY AGAINST ADJACENT RADIAL TENPS,
CALL RADDER(T,DR,OTR,DTR2,0R¢JJISeLLS) . .
' NEXT COMPUTE AXIAL OERIVATIVES.: ' i
CALL AXIDER(ToDZ,DT2,0DTZ2,0ZsLLS) ot
COMPUTE TEMP CHANGE AT EACH NQDE
IFINKONT .EQ. 1) GO TO 490
IFIMODINKONT,NR) .NE. 0) GO TO 510

PRINT 500, TIME, NKONT

FURMAT(//5X, BH TIME = , E12. s. 10X, 18H LTERATION WUMBER , ISI)

iFF = O

00 503 IK =1y N

1IN = IFF o §

1FF = IFF ¢ LLS(IK) |

JSU & JSUMLIK)

00 434 J = 1y JSU ! ' ' . . ‘

00 434 1 = IIN, IFF : . ; '
o= TU1d)

CALL OKDT(TT, XXK, DKV, XRHD, XCPo¢Xy Y) |

OKDT 1S THE THERMAL CONDUCTIVITY o DENSITY, & sosc1r|c HEAY 5uuaout|n

LFINKONT .NE. O) GO TO 803 .
"PRINT 802, XXK, XRHO, XCP, DTRZ(I,J}y R{J}, DTRII,J), OVZ2UL, ),

1. OKTy DYZULsJ)

FORMAT(GH XXK =, E15.7, 35X, TH XRHO =, E15.7, 5Xe¢ OH XCP =, E15.7,

1 SX¢ L2H DTR2(1¢J) =, E15.7 7 TH R{J) =, ELS.7, 5%, 11K DTR(14J)
2% E15.7¢5Ke32H OT22000J) =¢ ELS.7¢ 5%y 6N OKT =, E1S5.7 /7 SXo 12H
3 0T2L1,J) =, ELS.T) :

OTOT = XXK / XRHO / XCP ® (DTR2(I,4) ¢ Lo / (R(N) s DIR(L,

1 J) ¢ DVZ20fed)) ¢ Qe / KRHD / NCP & OKT ¢ (DTR{lsJ) o0& 2 o .
2 OTLZUL,J) ee 2) 1

T(lyd) = TileJ) ¢ DTOT ¢ DTH

IFINKONT +EQ. 1) GO TO 4] :

LF(MODINKONTNR) .NE. ©) GO TO 503
CONT INUE ! J
00 501 1 = 1INy IFF
PRINT 502, | i .
FORMAT(SX, LOH AXIAL ‘LOCATION = o 1%}

PRINT 505, (Viledle J = LedSU} ! :
CONT INVE )
CONT INVE

FORMAT (8(3X,E12.41)

NKONT = NKONT o 1 ,

IFINKONT oLE. S00) GO VO 60 , : -
IF(TINE LT, TTINE) GO'TO 60 -

CALL EXIT

(L]



201

10
12

203
10

SUBROUT INE CONVITToXXHCoEMISS XK)
EMISS = .5

XXHC = 5,0

CALL XKKS{TToXK,0KT)

RETURN

END

SUBROUT INE QISUB(TSAByJJSsLLSyTeQZoKRA)

COMMON /BLK1/JSUM{B), Ny NKONT, NP, ISUM, LLL, M, SIGMA, TS
DIMENS ION Q2140,30)y Ti40,30)¢ JISU8)e LLSIB), KRA(S), X(20),
1 vi20)

00 90 KR=l,N

ISV = 0

DO 5 IK = |, KR

ISU = ISU ¢ LLSUIK)

IF(KR .NE. N} GO TO 8

JSU = JSUMIN)

00 12 J = 1448V

TARS = T{ISUMyJ) ¢+ 460.0

Tl = T(ISUM:J)

CALL CONV(TT, XXHC, EMISS, XK)

XXHR = EMISS ¢ SIGMA ¢ (TABS *® 3 o TABS ¢¢ 2 ¢ (TSAD) o
1 TABS ¢ (TSAB) ¢ 2 o+ (TSAB) ss 3)

XXH = XXHC ¢ XXHR

{F(NKONT .NE. O) GO TO 6

PRINTY 201, XKy KXHRy XXH

FORMAT(SH XK =4 E15.7¢ 5Xo TH XXHR =, E]15.7s SX,s OH XXH =, E15,7)
QLUISUMyJ) = XXH /7 XK e (TLISUM,J) - TS)

IFINKONT .NE. O) GO TO 12

PRINT 10+ ISUMy Jy QLUISUM,Y)

FORMAT (SXy9Hy, ISUM = 5 J5¢5Ks3H J=o1Se 10Xy LIH QliMeJ) = 4 EL12.4)
CONT INVE

GO T0 90

JSU = JSUM(IKR) '

JSUL = JSUM{KRe1)

1F(JSU .EQ. JSUL) GO TO 90

IFLJSYU L. JSUL) GO TO 80O

JSULL = JSuUl + |

DO 70 J = JSULl, JSU

TABS = TIISU+J) ¢ 460.0

TT = TULISU, J)

CALL CONVITT, XXHCe EMISS, XK)

XXHR = EMISS ¢ SIGMA ¢ (TABS ¢ 3 o TABS ¢¢ 2 ¢ (TSAB) o
1 TABS ¢ (TSAB) s 2 o (TSAB) e 3)

XXH = XXHC ¢ XXHR

IFINKONY ,NE, 0) GO TO 9

PRINT 201, XKy XXHR, XXM

QZUISU, J) = XXH / XK * (TLISUy J) = TS)

TFINKONT .NE. O) GO TO TO

PRINT 203, ISU. Jy QLLISUYI)

FORMAT(6H ISU =, 110, 55Xy &H J =5 110s SX¢ 12H QLUISUGJ) =, E1S5.7)
CUNT INUE

GO Y0 90

JSUML = JSu ¢+ 1

ISUl = ISV ¢ 1

00 85 J = JSUML, JSUL

TABS = TV{IISULvJ) ¢ 460.0

TT = TUISUL.J)
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CALL CONVITT, XXHC, EMISS, XK)

XXHR = EMISS & SIGMA ® (TABS % 3 ¢ TABS o0 2 ¢ (TSAB) ¢

1 TABS ¢ (T54AB) e 2 ¢+ (TSAD) e 3)

XXH = XXHC ¢ XXHR

IF(NKONT o NE. 0) GO TD 85

PRINT 201, XK

QZUISULeJ) = XXM /7 XK * (TS =~ TUISUL I}
85 CONTINVE
90 CONTINUE

RETURN

END

SUBROUTINE QRSUBIT+QR«TSABsJM.LLS)

COMMON /BLK1/JSUMIB)s No NKONTy NPo ISUMy LL)s My SIGMA, TS
DIMENSION T(40,30)y QR{40,30),LLSI8), X{20), Y(20)

D0 20 I=1,ISUM

TABS = TUls1) ¢ 460.0

T = T(l,1)

CALL CONVITT,XXHC,EMISS, XK )

XXHR = EMISS ¢ SIGMA ® (TABS *¢ 3 o TABS ¢¢ 2 ¢ (TSAB) ¢
1 TABS * (T15A8) e 2 + {TSAB) *s 3)

XXM = XXHC ¢ XXHR
20 QR{LlyL) = XXH /7 XK & (T{l,1) - TS)
Ll = L1
1S =0
DO 200 IK =]l,N
JSU = JSUMLIK)
11 = IS ¢l
IS = IS ¢ LLS(IK)
DO 130 1 = 11, IS
TABS = T{]sJSU} ¢+ 460.0
TT = T{l.,J4SV)
CALL CONVITT, XXHC, EMISS, XK)
XXHR = EMISS * SIGMA ¢ (TABS *% 3 ¢ TABS o¢¢ 2 ¢ (TSAB) ¢
1 TABS ¢ (T7548) s 2 + (YSAB) *s 3)
XXH = XXHC ¢ XXHR
130 QR{I,JSU)s XXH /7 XK & (V({L1,JSU)=- TS)
200 CONT INVE
RETURN
END

SUBROUTINE AXIDER(ToDZ+DTZ40VZ2,QZ,LLS)

OIMENSION T(40,30), DT24460430), DTZ2(40,30), DZ(S5), QI(40,30),
1 LLstel, xt20), Yi20)

COMMON /BLKL1/ZJSUMIB)e No¢ NKONT, NPy [SUM, LL1s M, SIGMA, TS

1S = 0

00 320 IK =1, N

JSU = JSUMIIK)

1FLIK .EQ. N) GO TO 150

IF{JSU .LE. JSUMLIK®1l)) GO 10 150

Il = IS5 ¢}

IS = IS ¢ LLSUIK)

150 D0 320 J=1,JSU

IFUI1 NE. 1) GO TO 1085

Ql(1,J)=0.0

OTZi1eJd) ==QLl14J) )

DTZ2114Jd) » 1./718./D2(1) o€ 2 o(-85. * T(lyJ) ¢ 108.0 ¢ T{2,J) -
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1 27.0 % T(3s0) ¢ 4,0 ¢ T(ayd)) + 11. / 1.0 e Q2(1,J) 7 BL(1)
LF(MODINKONT. NP} NE. O) GO TO 152
PRINT 20, Jy DTZ{1,J)y DT22(14J)
20 FORMAT(TH DTZ(Lys13¢ IH) =y E15.6¢ 10Xy TH BTZ2 =4E15.6)
152 12 = I1 1 .
DYZti2. 1e/6./DZCIRY & ( =2, ¢ T{12«14d) = 3. ¢ T(I24J) ¢ 6, T{
112, i 112¢2,0))
DTZ21124d) = 1o /DLUIK) ®6 2 & (F(12014J) = 2. ©.F(12,J) ¢ TlI2-1,
1 I 1
[F (MOD{NKONT,NP} .NE. 0) GO TO 31
PRINT 22, 12y Jo DT2i1240), DT22(12,J) oy
22 FORMATISH DTZ(s1392H o 13y 3H) =y EL15.6¢ 10Xy TH OTI2 =, EL5.6)
31 INT = 11 ¢ 2
IS¢ = 1S = 2
DO 153 1 = INT, 152
DYZ{leJd) = 1o /7 12. /7 DZUIK)® (TH]l = 24 J) ~ 8o ¢ VUl = 1, J) ¢ B,
1 T(1 ¢ 1¢ J) = TUD ¢ 2, J))
C 153 OTZ2(14d) = 1o / 12. /7 DZUIK)IO® 2 & (=T(I-24Jd) ¢ 16, ¢ T(l-1,J) -
DFZ211sd4) = Lo / 12. 7 DIUIK)I®S 2 & (=TV(1-2,J) ¢ 16, ¢ Tli-1,J) -
1 30. ¢ T{leJ) ¢ 16, ® TiI¢1ed) = TUleZeJ))
If (MDOINKONT (NP} .NE. 0) GO TO 153
PRI 224 LIy Je DTZULe 3)e OTZ2(1s 8
1) CONTINUE
L= 1S2 # |
DTZU(I1Ledds 1. /7 6. /7 DIULIKYE | -o. . Tllll 1ed)e 3. ¢ TUIIL, )0 2
10T (111 ¢1od) ¢ TUI11-2,0))
DYZ2ULI1,d)3 1o 7 OZ(L) o0 2 o (TCL1leLled) = 2. @ TULILoJDOT(IIN-L
1))
IF(MODINKONT,NP) .NE. 0) GD TO 32
PRINT 229 IIlede OVZUI11eJ}eDT220T18144)
32 IFLIK <EG. N} GO TO 145
1F(y +GT. JSUMLIK+1)) GO TO 165
DIZU1Syd) = Lo/DZUIK®L)/ $1.0DZCIKeL)/ DZUIKII® { T{ISel, J) - V(I
1S+4) & (1.-DZUIKeLl)ee 2 / DICIKI®Ss 2)-DLiIKeL)®® 2 /7 BLILIK)®s 2
2 % TUIS-1,0))
DT2211SyJd) = 2./7({DZUIKISDZIIKe1)+DLIIKOL)SO2)2{DILIKe1)/DLLIK)®
I O TU1S=10J)=4DZLIKe1)7 DZUIK)s L1o) ® TUUSed) & TUISeled))
1F {MODINKONT,NP} .NE, 0) GO TO 320
PRINT 22, 1Se Jo DTZUISed)y OTZ20(1Se D)
60 T0 320
160 IFLIK .EQ. 1) GD TO 320
IF() oLE. JSUMIIK-1)) GO TO 185
165 DTZUISed) =-QZ(1SeJ)
DYZ2(1SsJ) = 1o / 18 7 OLEIKIOS 2 ® (-85, ® T{1S,J) ¢ 100, ® V(1S
1=10d) = 274 & TU1S=2,0) ¢ &, ¢ TUIS=3,J0) = 1le ¢ QLUISed) 7 3, /
2 DILIK)
1F(MODINKONT,NP) .NE. 0) GO TO 320
PRINT 22, 1Se Jy OTZC1S:Jd)e DTZ2(1Ssd)
60 10 320
185 IF{JSU .GT. JSUM(IK-1)} GO TO 200
190 DFZ(11ed) = 1o /7 6o /7 DLUIK)® (=2, ® TUll=14J) = 3a ® V(11,Jd)¢ 6.®
I T(Ulelod) = TUIL1#244))
DTZ2(1144d) = 1./DZ12) % 2 & (T{1E¢1ed) = 2. ® Tilloed) ¢T(LI=1od))
IFIMDDINKONT NP} .NE. 0) GO TO 33
PRINY 22+ I8, Jo DTZI1144)y DTZ2011,0)
13 GO0 10 152
200 IFU(J oLE. JSUMIIK-1)) GO TD 190
DIZUL1sd) = QIUILJ)
OTZ2(M1ed} = L1o/1B./DILIKIS® 2 #1-85, & T(11,J) ¢ 108,0 ¢ T(lIeleJ
10-27.0 ® TU1142,34) ¢ 4,0 ¢ T(I1e3,J)) = 1le ¢ 3.0 ® QLUIL,.J)} / OZ(

2 IX)
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34
320

305
306

20
«0

22
61

310

IF{MOD{NKONToNP) «NE. 0) GO TO 34
PRINT 22, 11y Jo DTZ2(310d)s OTZ2(114d)
IFCIK o«NE. N) GO TO 150

GO YO 1%2

CONTINUE

RETURN

END

SUBROUT ENE RADDER(TyORyDYR¢DTR2yQR 9 JJISsLLS)

DIMENSION T{40,30), DR(5)y DTR{40,300, DTR2{40,30)s QR(40+30),
1 JJS(8), LLS(B), X(20), Y(20)

COMMON /7BLK1/7JSUMIB)s N. NKONT, NPy ISUM, LLL, My SIGMA, TS

XH = 200.0
TG = 2000.0

IFT = 1

TLA = LLStL)

DU 360 IK = 1, N

JSX = JSUMIIK)

00 305 JR = |.M

JSX = JSX - JJSIJR)

IF(JSX <EQ. O) GO TO 306

CONT INUE

JR = M

CONT INVE

DO 350 I = [FT,ILA

TT = Til,1)

CALL CONVITT, XXHC, EMISS, XK}

QRIT,1)=XH * (TG = T{1,10) / XK

OTR(I¢1l) ==QR(Isl)
QR(I,1) = 2 2

DTR21Is1) = 1o / 18. 7/ DRIL) o¢ 2 & (=85, ¢ Y(lol) ¢ 108, ¢ T(I,2)

1 = 27 ® TUl1e3) ¢ 4, ¢ Tile&)) & 11, / 3. / DR{l}) & QR{I,1)

IF{MOD(NKONT4NP) .NE. 0) GO TO 40

PRINT 20, I, DTR(141),y DTR2(1,1)

FORMAT(SH DTR{o13s SHs1) =y E15.6, LOXe TH DTR2 =, ELS.6)

DTR(1,2) = Lo /7 6o / DRIL) ® (=2, & Tl(Iyl) ~ 30 ¢ Ti1y2) ¢ 6. ¢

1 TU1e3) = Tilea))

DTR2(1+2) = 1o 7/ DR(L) 8% 2 & (TUI43) = 2, @ T(142) ¢ T(le2))

TF (MODINKONT NP} NE. 0) GO TO 41

PRINT 22, 1,y OTR{1y2)y OTR2(1,2)

FORMATISH DVR{,13y SHe2) =y EL15.64 10Xe 7TH OTR2 =, E15.6)

JJ1 = JJSt1)y - 2

00 310 J = 3, JJI1

DTR{14J) = 1o /7 12 7 DRUL) & (TileJ=2) - B, * TilsJ-1l) ¢ B, *

1L TtlyJdel) = TlleJe2))

DTR2L1sJ) = 1o / 12 7/ DRUL) 8¢ 2 @ (=TileJd=2}) ¢ 16 ¢ TllsJd-1) -

1 30. & TlleJd) ¢ 16. & TlleJel) - TiloJde2))

1F{MOD{NKDONT+NP) .NE., 0) GD TO 310

PRINY 24, 1, Js¢ DOIR{1,J)y DTR2([,J)

CONT INUE

24 FORMAT (SH DTRU¢1342H 41343H) =, E15.69 10Xy TH DTR2 =¢ E15.6)

DIR(IeJJLel) = 1o /7 60 7/ OR(L) * (- 6. ¢ TileJdJL) ¢ 3, ¢ TilodJlel)
1 ¢2. * TUIyJJILe2) ¢ TUIWMJI-1))

DTR2(1oJJ1¢1) = 1. / DR{L) o8 2 & (TUI,JJ182) =2, ¢ TiloJJleL)eT(]
1y JJ1))

IF{MOD(NKONToNP) .NE. 0) GO TO 43

J1 = JJl el
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PRINT 24, I, JZo DFR{1,41)y DTR2{1,J2)
43 TF(JIS(]L) <EQ. JSUMIIEK)) GO TO 325
Jd = Just)
DTR(IsJJ) = Lo /7 DRC2) / €1 ¢ OR(2) 7 DREL)) & (TUlodJdel) = Til,
1 JJ) #{l. = DR(2) ¢& 2 7/ DR{1) ¢¢ 2) -~ DR{2) o¢ 2 / DR{1) s¢ 2 »
2 Tiledid=1))
OTR2{IsJJ) = 2. /7 (DRE1) ® DR{2) & DR(2) ®¢ 2) & (DR(2) / DRI} ®
L TGleJdJd=1) - (DR{2) 7 DRIL1) ¢ 1) & TiledJ) & Til,yJdJ 1))
IF[MOD(NKONT,NP) oNE. 0) GO TO 44
PRINT 26y §o JJy DTRI14JJ)y DIR2(T,JJ)
46 JSX = O
DO 315 JK = 2, JR
JSK = JSX ¢ JUS{UK-1)
JP = JSX ¢ |
DTR(1¢JP) = 1o / 60 /7 DRUJIKI® (=2, & T{[gdP=1)=3. ¢ T{I,JP) ¢ 6. ¢
‘L Tl dPel) - TiL1,JPe2))
DTR2{1¢JP) = 1. /7 DRUJKI®® 2 & (T([,JPeL) =~ 2. ¢ Til,JP) &T{1,JP=-1
1)
IF(MOD{NKONT,NP} .NE. O) GO TO 45
PRINT 244y 1y JPs DTR{I,JP), DTR2{I,JP)
45 41 = JP ¢+ )
JL = J1 ¢ JUSIJK) - &
DD 312 J = Jl,JL
ODTR(Ied) = Lo /7 12. 7 DRUSKIS® (TUled=2) - 8o * TileJ=-1) ¢ 8, ¢
1 TilyJdel) - Tl1,Je2))
DTR2{Iesd) = 1o /7 12, /7 DRUJK)ISS 2 & (=T(14J=2) @ 16, ® TileJd=1) -
1 30. * T(led) & 16, ® Tilodel) - TlI,402))
IFIMDDINKONT,NP) .NE. O GD TD 312
PRINY 24, 1, Jy DIR{IyJ)y, DTR2{I4J)
312 CONTINUE
JPP = JL ¢+ ]
DTRII4JPP) = 1o/ 6o /7 DRIJK)I® (=60 ¢ TII JPP=1) ¢ 3. * T(1,JPP) ¢
1 2. ¢ T{I,JPPel) ¢ Til,JPP-2})
DTR2{1,JPP) = 1, /7 DR{JKI®® 2 & (T(1,JPPel) - 2, & TL{1,JPP) ¢ VLI,
1 JPP-1))
IF(MOD(NKONTNP) <NE. 0) GO TO 47
PRINT 24, I, JPPyDTR(1+,JPP)yDTR2114JPP)
47 IF(JK EQ. JR) GO 7O 315
JPL = JPP ¢ |
JI = JK ¢ | '
DYR{I¢JPL)= 14 /7 DREJIZI/ (1. ¢ DREJZ}/ DRUJK)I)® (T(IloJPL*L)~ TLI,
1 JPL)*(]1., ~ DR(JZ)ese 2 7 DRUJK)®® 2) - DRUJZ)®® 2 / DR(JK)es 2 @
2 T(lyJdPL~-1))
DTR2(1,JPL)= 2, / (DR(JIK)® DR{JZ)¢ DR{JIZ)®® 2) & (DR(JZ)/ DRIJK)®
1 TUleJPL-1)= (DR{JZ}/ DRIJKI® 1) & TUI4JPLI® T(1oJPL*L))
IF{MOD(NKONT,NP) NEo O) GO TD 315
PRINT 244 Io JPLoDTR(I+JPL)4DTR2I1T,JPL)
315 CONTINUE
325 JLT = JSUMLIK) = 2
DTRIT,JLT+2) ==QRI(],JLT*2)
OTR2{I4JLT#2) = 1, / 18./0R(JRI*® 2 & (=85, ¢ T{1,4JLTe¢2) ¢ 108, *
1 TUTly JLT@L) = 270 * Tl JLT) ¢ &, ® TUIo4LT=1)) - Q1le /7 3. / OR{
2JR)I* QRII, JLT#2)
IF{MDD(NKONTNP) .NE. 0) GO TO 350
JW = JLT ¢ 2
PRINT 24y Iy JWy DTR{I,JUW)y DVTR2{I,J4W)
350 CONTINUE
IF(IK «EQe N) GD TO 2360
TUN = IK ¢ ]
IFT = JFT ¢ LLS(IK)
ILA = ILA ¢ LLS(IUN)
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14
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0.0
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2000.0

CONT INUE
RETURN
END

SUBROUT INE DKDT(TToXK,DKT,KRHDsXCPo X5 Y)
DIMENSION X(20)s Y(20)

CALL XKKS{TT4XKyDKT)

XRHO = 490.0

=1

CALL LINEARITT¢XoYoXCPol)

RETURN

END

SUBROUT INE XKKS{TT,XKeDKT)
TF(TT .GT. 1472.0) GO TO 14
XK=228,30-.00870¢7T

OKYT = - 0.0087

GO TO0 20
XK=10.394.00347¢7T

OKT = 0.003¢47

COUNT INUE

RETURN

END

SUBROUT INE LINEAR(A¢X,YoVV,l)
DIMENSION X(20),Y(20)"
IFLY(lel) LY. Y(I)) &0 TO 100

USE FOLLOWING IF AS Y INCREASES X INCREASES
1FIA-X{}1))3,2¢2

USE FOLLOWING IF AS Y INCREASES X DECREASES
IF(A-X(1)12,2,3 '
1=1+1
GO 1D 1
1=1-1
VVEY (L )e(A=XCTeLIDZ(XCEN=X(Te1) )oY Ied )0 (A=X{TI))/(XLTOL}=X(I)}
RETURN
END '

3 +1714E-G8 70.0 20.0 99550 200
7 5
5

WO

5 8

«052083 «0703125 .078125 .0989¢6
26333

1.0417 1.81907 3.50
3 2 1 1

108 200.0 o112 400.0 «125 600.0 132
«150 1000.0 +160 1200.0 +185 1600.0 +180
1080 2200.0 «150
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APPENDIX B

FLOW CHART OF MAIN PROGRAM
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Read in Data

0

Compute Time Interval

FLOW CHART OF
MAIN PROGRAM

3

Compute Temperature
Chan

PRINT OUT
Computed Data

4

If desired time is reached
CALL EXIT, otherwise go
back to I and continue




LIST OF SYMBOLS USED IN TEXT
Symbols
C - specific heat (BTU/Ib °F)
- heat transfer coefficient (BTU/hr ft2 °F)
- number of radial nodes
- number of axial nodes
- thermal conductivity (BTU/hr ft °F)
- axial node
- radial node
heat flux (BTU/hr ft2)
- radial boundary (ft)
- radia) coordinate (ft)
- temperature (°F)
- time (hr)
- axial coordinate (ft)
AR - radial increment (ft) ~
al - axia) increment (ft)
e - emissivity
¢ = density (1b/ft?)
o - radiation coefficient (0.1714 BTU/hr ft2 °RY)
Subscripts

N"—(ﬂ”a'=’rﬂ-a-—=’
L]

9 - gas

i - initia) value
m - node m

n - noden

0 - surroundings

- boundary 1, segment 1
2 - boundary 2, segment 2
3 - boundary 3, segment 3
- boundary 4
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